Purpose: The aim of this work was to model the dose dependence of the darkening of GafChromic TM EBT3 films by combining the optical properties of the polydiacetylene polymer phases, and a modified version of the single-hit model, which will take the stick-like shape of the monomer microcrystals into account. Second, a comparison is made between the quantification of the film darkening by flatbed scanning and by UV-vis absorption spectroscopy. Method: GafChromic TM EBT3 films were irradiated with a 6 MV photon beam at dose levels between 0 and 50 Gy. The radiation-induced darkening of the films is quantified by a flatbed scanner, and by UV-vis absorption spectroscopy in the wavelength range of 220-750 nm. From the UV-vis absorption spectra, the contribution of each polymer phase to the absorbance was deduced. Next, the dose dependence of the polymer content is described by a modified single-hit model where the size distribution of polymerizable centers is approximated by way of the size distribution of the monomer microcrystals in the film. Results: The absorption properties of the film can be accurately quantified by UV-vis spectroscopy for dose levels between 0 and 10 Gy. Over 10 Gy, the absorption spectrum saturates due to the limited sensitivity of the spectrometer. The modified single-hit model was successful in describing the increasing polymer concentration with radiation dose, using a log-normal distribution for the length of the stick-like monomer microcrystals. The dose dependence of the polymer content, deduced from the UV-vis absorption spectrum, differs from that of the flatbed scanning method and is more sensitive to changes in dose. Conclusion: The dose dependence of the polymer concentration can be modeled by taking into account the distribution of active centers using the microstructure of the active layer for dose levels between 0 and 10 Gy. The dissimilar dose dependence of the polymer concentration and the absorbance must be accounted for when modeling darkening from the kinetics of the photopolymerization reaction.
INTRODUCTION
The change in the optical density of GafChromic TM EBT films with radiation dose has become a valuable dosimetric tool in radiotherapy for relative as well as absolute dose evaluation. The high spatial resolution, weak energy dependence, and near-tissue equivalence makes EBT films an excellent dosimeter, especially in intensity-modulated radiation therapy (IMRT). 1 The success of the films partially lies in the costeffective and practical quantification of the radiation dose in two dimensions from the RGB-pixel values acquired by a flatbed scanner. 2, 3 Provided the film handling, the scanning protocol, and the calibration curve are optimized, accurate and precise dose estimations can be made. 4, 5 Regarding the handling and scanning protocol, several important considerations have been reported in order to correct for, or circumvent adverse effects such as postirradiation darkening, nonuniformity of the active layer of the film, light scattering effects in the flatbed scanner, and orientation and alignment dependence, etc. [6] [7] [8] [9] [10] [11] [12] Many of these proposed corrections result from a more profound understanding of the microstructural properties of the film, the physico-chemical nature of the polymerization reaction, or artifacts from the readout method. Similarly, for the optimization of the calibration curve, a series of improvements have been put forward. There is a tendency to describe the calibration, or dose-response curve, by a phenomenological model instead of an empirical parametrization using for instance polynomial fits. [13] [14] [15] [16] A basis for the dose dependence of EBT films is found in the single-hit model, which was originally developed for radiographic films by Silberstein and Valentine. 17, 18 The single-hit model provides the theoretical framework to express the number of centers that are hit, and as the name suggests, relies on the assumption that a single quanta of ionizing radiation is sufficient to induce the formation of a polymer in an active center in the film. The simple single-hit model however fails to describe the observed dose-response of the films with the precision and accuracy required for IMRT. del Moral et al.
14 revised and improved the theoretical model by taking into account that not all active centers have the same interaction cross section. As the interaction cross section is proportional to the size of the active centers, it is necessary to average over the distribution of active centers. An expression for the active center size distribution was sought and found in percolation theory which provides the means to describe the growth of polymeric clusters in crystals, 19 resulting in a gamma distribution. In turn, Mart ın-Viera Cueto et al. 13 revised the distribution function to fulfill consistency of the percolation theory, but the functional form remained unchanged. In this work, we propose to deduce the size distribution of the active centers from the monomer microcrystal sizes instead of the polymer size. The active layer of EBT3 films is a dense layer of stick-like monomer crystals in which a linear polydiacetylene (PDA) polymer can grow. 20 In the picture of the single-hit model applied to EBT films, an active center can be interpreted as a region in the monomer crystal where the monomer packing fulfills all requirements for the polymerization reaction (as shown in Fig. 1 ) to proceed upon initiation by ionizing radiation.
For diacetylenes, one of these requirements is that the monomers should be packed such that the distance between the triple bond of neighboring monomers is equal or less than 0.4 nm. 21 Whether the polymerizable active center extends over the full crystal size, or a crystal is seen as a collection of polymerizable centers, the microcrystal size distribution will anyhow play an important role in the dose dependence. Moreover, an advantage is that the microcrystal size distribution can be obtained experimentally, e.g., using optical microscopy or electron microscopy. Hence, in this approach, the size distribution is an input parameter for the dose dependence model, instead of a variable as in the percolation-based single-hit model.
It is well acknowledged that the darkening of the films results from the increasing concentration of light absorbing polymers, and the polymer content can be described as a function of dose by the single-hit model. The relation between the polymer concentration and the absorbance is given by the Beer-Lambert law, which states that the absorbance is proportional to the concentration of the attenuating compound. However, the Beer-Lambert law is only valid under strict conditions. Deviations from the Beer-Lambert law can occur if, for instance, the attenuating compounds scatter light, or if the attenuation properties of the medium change with concentration. Moreover, if the medium is a mixture of several attenuating species, the absorbance is proportional to the concentration of all species which do not necessarily have the same dose dependence. In the case of EBT3 films, a spectroscopic study has indeed shown that two distinct conformations of the PDA polymer with different absorption properties are formed. 22 The complex relation between the polymer concentration and the absorbance is important to consider when the single-hit model is applied to model the dose dependence of the absorbance, or the optical density of an RGB channel, as the single-hit model describes the dose dependence of the polymer content.
In the present work, we will first extract a measure of the concentration of the blue and the red phase polymers in the film using UV-vis absorption spectroscopy; next the dose dependence of the polymer phase concentration will be analyzed in the framework of a modified single-hit model. The dose dependence of the polymer content, the absorbance at a fixed wavelength, and the optical density as obtained from a flatbed scan will be compared to one another in order to validate the applicability of the Beer-Lambert law in the dose range from 0-10 Gy. As such, the aim of this work was not to propose a calibration curve for precise and accurate dose quantification, but to evaluate whether the dose dependence of the absorbance of the films can be explained from the absorption properties of the polymers in combination with the phenomenological single-hit model.
METHODS

2.A. Irradiation
Three EBT3 films (lot number: 05181502 with expiration date May 2017) were each cut into sixteen 5 9 6 cm 2 pieces number 1 to 16. The pieces were irradiated at 5 cm depth in a 15 cm thick phantom consisting of 40 9 40 9 1 cm 3 RW3-plates. The phantom was positioned on the floor to assure a uniform dose distribution by an extended source to surface distance (SSD = 218 cm). The field size at a distance of 1 m from the source was 40 9 40 cm 2 . The film pieces were irradiated in the range of 0-50 Gy using a 6 MV photon beam of a Varian TrueBeam TM STX. Three pieces (each one coming from a different film) were irradiated simultaneously to the desired dose level. The relation between the treatment machine's output and the dose deposited in the phantom was established prior to the irradiation by a Farmer type ionization chamber measurement at 5 cm depth, resulting in 460 MU/Gy.
2.B. UV-vis absorption spectroscopy and background subtraction procedure
The UV-vis absorption spectrum of the individual film pieces was measured using an AvaSpec-2048-2 spectrometer and a broadband AvaLight-DH-S Deuterium-Halogen light source (Avantes BV, the Netherlands). The spectrometer has a 14-bit AD converter and a sensitivity of 5000 counts/lW per ms integration time. The wavelength range is 189.2-747.3 nm with a resolution of 0.3 nm. The measurements were performed several weeks after the irradiation. During that time, the pieces were stored in a dark environment at room temperature. 23, 24 Each film piece was placed in between two aligned optical fibers oriented perpendicularly to the film surface. The orientation of the pieces in the setup was the same for all measurements. For each piece, 40 spectra were acquired along a line of length 3 cm near the center of the sample. Each spectrum is an average of 50 measurements. The integration time was 3 ms for film pieces that received a dose less than 10 Gy, and 15 ms for pieces that received a higher dose, in order to increase the signal to noise ratio.
The absorption spectrum (i.e., the absorbance A as a function of the wavelength of the light k) can be obtained from Eq. 
where I light ðkÞ and I dark ðkÞ are the measured intensities when there is only air in between the optical fibers, and the white light source is on and off, respectively. I film ðkÞ is the intensity measured at a particular wavelength k when the light source is on and a film piece is placed in between the optical fibers. The absorbance is a measure of the attenuation of light which comprises both absorption and scattering. In EBT3 films, light is mainly absorbed by the marker dye, and by the PDA's in the active layer. 25 In addition, light is scattered (Mie scattering) by the stick-like monomer crystals in the active layer, and by the silica particles in the protective matte polyester layers, as the dimensions of both the crystals and the particles is in the order of the wavelength of visible light. Furthermore, light is scattered by the PDA polymers. The latter scattering effect can be described by the Rayleigh-Debye-Gans scattering theory as shown by Schoenfeld et al. 26 . Absorption and scattering by the protective layers, absorption by the marker dye, and light scattering by the monomer crystals can be considered as background features and can be eliminated by subtracting the UV-vis absorption spectrum by the spectrum of a film that does not contain any polymers. Unfortunately, unexposed films cannot serve as a reference spectrum as they naturally already contain a certain amount of polymers. The reference spectrum is therefore constructed from unexposed film pieces by replacing the region from 500-680 nm in the UV-vis absorption spectrum by a fourth order polynomial while imposing continuity at the boundaries of this interval. Subtraction of the above defined background or reference spectrum from the obtained UV-vis absorption spectrum results in the net absorbance (A net ) and exclusively contains the polymer contributions. Although both scattering and absorption are supposed to be proportional to the concentration of PDAs, the attenuation is considered to be primarily dominated by the absorption. The background construction and subtraction procedure was done for each film separately.
2.C. Deconvolution of the vis-absorption spectrum
The vis-absorption spectrum of EBT3 films results from the absorption properties of two phases of the PDA polymer, i.e., the blue phase and the red phase. 22 These polymer color phases represent distinct geometrical conformations of the polymer backbone which are discernible by their color. 27 The blue phase strongly absorbs in the red region of the visible spectrum resulting in a bluish appearance, and the red phase strongly absorbs blue light giving a reddish color. The complete vis-absorption spectrum of EBT3 films can be reconstructed by a sum of Lorentzian functions. This was previously demonstrated in an empirical way by Devic et al, 28 and based on the chemical nature of the PDA molecules by Callens et al. 22 In this work, the latter approach is used as it allows to extract a measure of the concentration of the PDA phases because the Lorentzians correspond to electronic and vibronic transitions from the ground state to excited states. The absorbance A p ðk; nÞ resulting from absorption by a single PDA color phase, denoted by the subscript "p" (p = blue or p = red), is given by Eq. (2):
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The first term in Eq. (2) represents the electronic transition from the ground state to the zero-phonon level of the first electronic excited state. The wavelength of this transition is given by k p;e , the width of the absorption peak is related to w p;e and the amplitude scales with E p . The transition wavelength k p;e (which is related to the energy gap between the two levels) depends on the conjugation length of the PDA polymer which is expressed by the number of monomeric units "n" in the polymeric chain. In general the electronic transition energy decreases with increasing conjugation length as a result of the extended delocalization of the p-orbital electrons. The second term in the expression is a sum over all vibronic transitions from the ground state to a non-zero vibrational level of the first electronic excited state. The parameter k runs over all vibrational levels k p of the electronic excited state of color phase p, except for the zero-phonon level k = 0. The center wavelength of each vibronic transition is denoted by k p;k and also depends on the conjugation length, the width is given by w p;v and the amplitude of the vibronic transitions scales with the product of V p and a p;k . V p is a scaling factor of all vibronic transitions and a p;k is the relative contribution of each vibronic transition. For more details on the modeling of the absorption spectrum from the electronic properties of PDA, the authors wish to refer to Ref. [22] .
Note that Eq. (2) only takes into account polymer chains with a conjugation length of n repeat units. Irradiation of EBT3 films, or diacetylene crystals in general, results in the formation of a distribution of polymer chains. Because of the significant changes in electronic transition energy with conjugation length, it is thus essential to consider a distribution of PDA conjugation lengths. Here, we assume that the conjugation length distribution f(n) of PDA chains in a crystal can be described by a log-normal distribution:
where n 0 is the peak value and d represents the width of the distribution. The fraction of polymer chains with conjugation length n is given by f Ã ðnÞ ¼ nf ðnÞ. 30 Under the assumption that the two PDA phases have the same length distribution, the net absorbance of EBT3 films can be modeled as:
The summations run over all conjugation lengths n and the two polymer color phases p. In other words, the visabsorption spectrum is modeled as a sum of weighted Lorentzians corresponding to the electronic and vibronic transitions of all polymer color phases and of all conjugation lengths.
We use Eq. (4) to fit the vis-absorption spectra of EBT3 films using the Levenberg-Marquardt nonlinear least squares method 31 in the Lmfit package. 32 The residuals function R min to be minimized is defined as:
where r A exp net is the standard deviation of the measured net absorbance A exp net , and A model net is the net absorbance calculated using Eq. (4). In the fit procedure, the amplitudes E p and V p , and widths w p;e and w p;v of the electronic and the vibronic transitions of PDA color phase p, respectively, were left to vary, together with the polymer length distribution parameters n 0 and d. The summation over the conjugation length in Eq. (4) runs over values of n from 1 to 50. It was verified that this range covers the PDA distribution that is used to describe the vis-absorption spectrum. 22 The center wavelength of the absorption peaks (k p;e and k p;k ) follow from the electronic structure of the PDA molecules and is calculated using the model by Meier 33 and parameters from Materny and Kiefer 30 as described in our previous work. 22 The relative amplitudes a p;k of the vibronic transitions were deduced from Raman spectroscopy measurements, as well as the number of vibrational levels k p (8 for the blue phase polymer and 4 for the red phase polymer). In total, for two color phases, this deconvolution model considers 10 parameters as variable (E blue , V blue , E red , V red , w blue;e , w blue;v , w red;e , w red;v , n 0 and d), and allows to estimate the contribution of each color phase to the absorption spectrum.
2.D. The dose dependence of the vis-absorption spectrum
According to Beer-Lambert law, the absorbance is proportional to the concentration of the polymer color phase c p and can be expressed as:
where d is the thickness of the active layer of the film, A p is the molar attenuation coefficient and c p is the molar concentration of color phase p. The dose dependence of the absorbance originates from the varying polymer concentration with dose c p ðDÞ. The wavelength dependence, or the shape of the spectrum, is associated to A p ðkÞ, and is predetermined by the electronic structure of the PDA polymers as discussed in section 2.C. From Eq. (6), it follows that modeling the dose dependence boils down to expressing the polymer concentration as a function of the dose. This relation can be obtained from the kinetics of a photopolymerization reaction which is a firstorder rate equation. 34 Alternatively, it can also be obtained using the single-hit model which has been developed to quantify the response of radiographic emulsions. 17, 18 In both approaches, the dose-dependency of the polymer concentration is given by:
Equation (7) implies that the concentration increases with dose and saturates reaching a maximum value C p , which can be interpret as the total concentration of centers in which a PDA of color phase "p" can grow. The rate at which the polymer concentration increases is given by r p a, where r p represents the interaction cross section associated to creating a polymer of color phase p upon interaction of ionizing radiation with a polymerizable center, and a is a proportionality constant relating the dose to the charged particle fluence, a ¼ ð1:37 AE 0:13Þ Â 10 9 cm À2 Gy À1 . 14 Furthermore, Eq. (7) accounts for the number of polymers present in the film prior to the (clinical) irradiation by a dose offset D 0 . del Moral et al. 14 proposed to improve the model by taking into account the different sizes of the active centers. The number of polymers as a function of dose in the modified version of the single-hit model is:
where g(s) is the normalized distribution of center sizes s, S is the area of a monomer crystal in the plane of the film, and c p ðD; sÞ is the polymer concentration at dose D formed upon interaction with an active center of size s. In this approach, an active center is regarded as a region in the monomer crystal that fulfills the structural requirements to grow a light absorbing polymer upon initiation by ionizing radiation. The motivation for this approach is that the change in absorbance results from the interaction of ionizing radiation with a polymerizable site in the monomer crystal. The polymerizable region in the monomer crystal is not necessarily equal to the polymer size itself because the growth of the polymer is limited by the structural mismatch between the polymer and the monomer crystal, and other polymerization termination mechanisms. 34 The size distribution of the active centers is approximated by the size distribution of the monomer crystals. Integrating over the size distribution of the monomer crystals does not necessary imply that the polymerizable active center extends over the full crystal, the crystal can also be regarded as a collection of active sites. In any case, the microcrystal size distribution will play an important role in the dose dependence.
The active layer of EBT3 films is a dense layer of sticklike monomer crystals with the long axis in the plane of the film. 35 The length of the crystals varies strongly while the width varies less. Hence, the area distribution of active centers can be approximated by the length distribution g(') and therefore the expression for c p becomes:
where
is now a function of the crystal length ' and width w and represents the probability that a polymer of color phase p is formed in an active center of a monomer crystal of length ' upon interaction with ionizing radiation. e p is the ratio of the cross section to the area of the monomer crystal. By combining equations (6), (9) and (10) the net absorbance can be modeled as a function of the dose. Validation of this model is done by fitting the model to the quantities E p and V p , which are proportional to the polymer concentration, and are obtained in the deconvolution using Eq. (2). The functional form of the dose-response curve is given by
and
for the electronic and vibronic transitions, respectively. For each color phase "p", four parameters are considered to be variable: (a) the saturation value E 1;p ¼ dA e C p , (b) a proportionality constant b p of the vibronic and electronic transitions, (c) the dose offset D 0;p , and (d) R p ¼ wae p which is related to the rate of change with dose. The fit is performed using the Levenberg-Marquardt nonlinear least squares method 31 in the Lmfit package 32 with the residuals function S min defined as
where the experimental values of E p and V p , denoted by the superscript "exp", are obtained from the deconvolution of the vis-absorption spectrum; and the theoretical values, denoted by the superscript "model", are calculated using Eqs. (11) and (12) . r E 
2.E. Flatbed scanning procedure and image processing
The optical density of the film pieces was determined using an EPSON 10000XL flatbed scanner. All pieces belonging to the same film were placed on the scanner bed in the same arrangement as the film was cut. The films were oriented with the long side parallel to the long edge of the scanner bed. Scanning was performed using the EPSON software with all corrections turned off. Three preview scans were performed before scanning the first film allowing the scanner to warm up. 4 The films were scanned in 48-bit mode with a 16-bit color depth. Images were saved in tagged image file format (TIFF) with 150 dpi resolution. Sixteen regions of interest (ROI's), one for each piece, are selected in the patchwork of pieces in the image. Each ROI is a square with a side of 34 mm, and encloses 40000 pixels. The ROI's are centered in the middle of the respective piece to avoid artifacts from the edges. 36 The film averaged relative standard deviation on the mean pixel value of an ROI is 1.4 %. Only one scan per film was performed. The optical density OD X of each color channel, denoted by the subscript X (X = R,G or B), is calculated from the mean pixel value as:
where I X is the mean pixel value of the ROI in color channel X; the pixel values are divided by 2 16 which is the theoretical maximum value of a pixel, corresponding to a maximal transmission of light. 2 The scanned images were corrected for scanning lateral artifacts using the method described by Crijns et al. 12 First, the scanned films were converted to dose maps using a calibration film scanned a few months before the experimental films, and a calibration curve which accounts for the pixel position on the scanner bed. All films were of the same lot and cover a dose range of 0-21 Gy. Next, the dose maps of the films were reconverted to transmittance values (the transmittance of a particular channel T X is defined as:
16 ). This resulting image corresponds to a scan that did not suffer from scanning lateral artifacts. Finally, the corrected transmittance values were converted optical densities for comparison with UV-vis spectroscopy absorbance data.
2.F. Microscopy imaging of the monomer crystals
Unexposed coating material of the active layer of EBT3 was imaged using a bright-field microscope (Primo Star, ZEISS, Germany) with a 100 9 magnification lens. The coating material sample was provided by Ashland Specialty Ingredients. 38 The images were used to determine the size of the monomer microcrystals. The length and width of the crystals was measured using HCImage Live V4.6 software (Hamamatsu Corporation, Japan). An analytical expression of the length distribution g(') was sought by fitting a log-normal distribution function to the experimental data using the Levenberg-Marquardt nonlinear least squares method 31 in the Lmfit package. 32 
RESULTS AND DISCUSSION
3.A. Deconvolution of the vis-absorption spectrum
The absorbance in the range of 220-750 nm is shown in Fig. 2 . Regardless of the applied radiation dose, the absorbance is high in the UV region (< 380 nm). The absorbance is also high in the violet/blue region (380-495 nm) partially due to the marker dye which is added to enable to correct for film nonuniformities. 25, 39 The region from 500-750 nm is most sensitive to ionizing radiation. In this range, the absorbance increases with dose as a result of the increasing concentration of PDA molecules. From the peak at 635 nm in the spectrum of the unexposed film, labeled "0 Gy", it is apparent that a non-zero amount of innate polymers is present before the actual irradiation. To extract the absorbance resulting from the polymers, the spectra of the film pieces are subtracted by a reference spectrum, labeled "background" in Fig. 2, as proposed in section 2 .B. The resulting net absorbance is shown in Fig. 3 .
The net absorbance represents the contribution of PDA polymers to the absorbance of the film. The most prominent absorption peaks are the electronic and the vibronic transition of the blue phase polymer at 635 nm and 585 nm, respectively. For dose levels of 20 Gy and higher, the absorption peak at 635 nm cannot be fully captured because of the small amount of light that passes through the film and the limited sensitivity of the spectrometer. For these dose levels, the net absorbance around 635 nm is no longer a true measure of the polymer concentration, and the saturation of the measured net absorbance in this region does not necessarily mean the polymer concentration in the film is saturating. Another observation that can be made for dose levels over 10 Gy is the increase in net absorbance at wavelengths far from the absorption peaks, for instance in the region below 450 nm. This rise in absorbance can be attributed to light scattering by PDA polymers, deflecting light from the optical fibercoupled detector. 26 Because of the limited sensitivity, and the increasing contribution of scattering, only dose levels from 0 to 10 Gy will be considered in the following dose dependence analysis.
The net absorbance spectra were fit by the deconvolution model, Eq. (4), as discussed in section 2.C. As an example, the deconvolution of the 1.0 Gy film piece is shown in Fig. 4 . The blue phase electronic transition (solid blue line) dominates the absorption spectrum and composes the absorption peak at 635 nm. The vibronic transitions of the blue phase (dashed blue lines) appear in the region between 500 and 620 nm and constitute the second highest absorption   FIG. 2 . The UV-vis absorption spectra of differently irradiated pieces of a single EBT3 film. Each spectrum is an average of 40 spectra taken at different positions in a film piece. The black solid line labeled "background" is constructed from the "0 Gy" spectrum by replacing the region from 500-680 nm by a smooth fourth order polynomial. [Color figure can be viewed at wileyonlinelibrary.com] peak at 585 nm. The red phase electronic transition (solid red line) emerges around 540 nm but is much weaker than the blue phase electronic transition. The red phase vibronic transitions (dashed red line) can be found at wavelengths below 520 nm, however, their influence is hardly noticeable.
Light in the orange/red region of the spectrum (590-750 nm), which covers the red channel in a flatbed scan, is exclusively absorbed by the blue phase polymer. In the blue (450-495 nm) and the green region (495-570 nm), the absorbance is a mixture of absorption by the blue and the red phase polymers considering the full conjugation length distribution. The optical densities of the blue and green channels in a flatbed scan are thus a blend of both polymer phases, and the red channel only senses the blue phase polymer.
3.B. Monomer microcrystal size distribution
A microscopy image of the microcrystals in the active layer of EBT3 films is shown on the left in Fig. 5 . The crystal length distribution deduced from the microscopy images is shown on the right side. The length distribution is described by a log-normal distribution function g(') which has the functional form of Eq. (3). The mean length of the crystals <'> is 9.4(2) lm, and the standard deviation of the length distribution is 5.6(2) lm. The width of the crystals was retrieved using the same measurement procedure, the mean width is found to be 1.62(2) lm and the standard deviation of the distribution is 0.35(5) lm. The value denoted in round brackets is the standard error of the respective fit parameter in units corresponding to the last decimal number for which the fit parameters are expressed.
3.C. Dose dependence of the polymer concentration
The contribution of each PDA phase is determined by the deconvolution of the vis-absorption spectrum [Eq. (4)], and represented by the amplitudes E p and V p . The dose dependence of the blue and red phase contributions is shown in Fig. 6 , together with the best fit using equations (11) and (12) . The amplitudes reported correspond to the mean of the values of the three EBT3 films. The experimental data quantifying the blue phase concentration, E blue and V blue , were concatenated to fit the dose dependence, as both transitions originate from the same type of molecule. It was verified that the dose dependence of the individual sets is similar. Quantification of the red phase concentration is more difficult because of the low net absorbance, especially for the vibronic transitions, hence the large standard error on the data points of V red at low doses. The uncertainty on the data points was taken into account in the merit function as a weight to the residual [see Eq. (13)]. The numerical results of the fit parameters E 1 , b, D 0 and Σ for each polymer color phase are summarized in Table I .
The dose offset D 0 is found to be 0.39 AE 0.01 Gy for the blue phase, and accounts for the initial amount of polymers present before the actual (clinical) irradiation, which may originate from, for instance, exposure to UV-radiation, background radiation, or elevated temperatures, and which thus depends on the history of the film. 34 The value of D 0 reported here, is determined assuming a smooth and continuous background in the region of the spectrum between 500 and 680 nm. From the value of the fit parameter Σ, the mean crystal length < ' >, and the constant a, the mean cross section for the blue phase is found to be:
and for the red phase:
As mentioned before, the cross section values represent the probability that a blue or a red polymer is formed in an active center in a monomer crystal with length < ' > and width < w > upon interaction with ionizing radiation. The probability of forming a blue phase polymer is higher than a red phase polymer, however the uncertainty on the red phase formation cross section is large and a conclusive statement on the cross section cannot be made. A dissimilar formation rate would contribute to a nonuniform change of the absorbance spectrum with dose. This is particularly interesting for multichannel techniques, such as the method described by Micke et al., 40 as they rely on the different dose response of the color channels. The multichannel techniques work best when the slopes of the dose-response curves are sufficiently different.
3.C.1. Effect of the background subtraction method on the dose dependence model parameters As described in section 2.B, the background spectrum is constructed from the absorption spectrum of the unexposed film piece, and artificially constructing a smooth and continuous region from 500 to 680 nm to exclude the contribution from innate polymers. This region was selected based on the progression of the absorption spectrum for low-dose levels ( < 1 Gy); as shown in Fig. 2 , one can observe that only the region between 500 nm and 680 nm is found to change with dose. Extrapolating this progression to the situation without any polymers gives a spectrum without absorption peaks as considered here. A different choice of the background spectrum, for instance if the background would lie a bit higher or lower than the current one, or if the background would be constructed using a linear curve, would introduce a change in the values of the net absorbance, the values of the transition
Differential analysis of the respective parameters to a change in net absorbance, or a change in transition amplitude dE induced by the choice of a different background spectrum showed that the parameter E 1 , representing the saturation value of the dose-response curve, is the most sensitive to a change in transition amplitude. An overall increase of the net optical density by for instance choosing a lower background, would increase the value of E 1 . The fact that this parameter has the highest sensitivity is not surprising as it represents the maximum value that the transition amplitude can be equal to. The dose offset parameter D 0 will also increase if the transition amplitudes would increment. Because raising the value of D 0 will translate the E-vs-dose curve to the left side, hereby increasing the transition amplitude for all dose levels. It is assuring to observe that the interaction cross section parameter Σ is the least sensitive to a change. This is due to the fact that Σ represents the rate of change of the absorbance and is not strongly affected by the introduction of an equal offset to all data points which would result from a redefinition of the background spectrum. We are therefore confident that the approximation of the background spectrum used in this work does not strongly influence the results obtained on the interaction cross sections.
3.D. Dose dependence of E blue , the red channel optical density OD R and the absorbance at 635 nm
The cross sections for the blue and red polymers are larger than the values [(4.5 AE 2.7) 9 10 À3 lm 2 ] reported by del Moral et al., 14 the difference is mainly attributed to the use of a different quantity to quantify the response. In fact, in the work by del Moral et al., and generally for GafChromic EBT films, 16 the optical density of the red channel OD R is used, whereas in this work the amplitudes of the individual absorption peaks are used. The discrepancy between the dose dependence of OD R and E blue can be attributed to (a) the different quantity to describe the darkening, i.e., the optical density from an RGB sensor channel versus the absorbance at a particular wavelength obtained from UV-vis spectroscopy, and (b) the complex relation between the absorbance and the polymer concentration. This subsection focuses on the particular differences in the dose dependence of three measures of the darkening of the films: (a) the OD from the RGB channels of a flatbed scan, the red channel in particular, (b) the net absorbance at 635 nm A 365nm net measured using UV-vis spectroscopy, and (c) the amplitude of the blue phase electronic transition E blue determined by a deconvolution of the UV-vis absorption spectrum, which is a measure of the concentration of the blue phase polymer in the film. The three measures have a different dose dependence; the relation between their dose responses is illustrated in Fig. 7 where the ratio of a pair of measures is plotted versus dose.
a. The ratio OD R =A 635nm net (diamond markers in Fig. 7 ) decreases with dose, hence the net absorbance at 635 nm increases faster with dose than the optical density of the red channel in a flatbed scan. In other words, the A 635nm net is more sensitive to changes in dose than the OD R . This behavior arises from the fact that the OD of a single RGB channel captures a wide range of wavelengths and the absorbance within that range is nonuniform. Furthermore, the captured portion of the spectrum also varies with dose in a nonuniform manner.
In contrast to the absorbance AðkÞ, which is defined at a fixed wavelength k, the optical density OD X is integrated over all wavelengths the color channel X is sensitive to. Given the spectral characteristics of the RGB sensor channels, it is possible to predict the optical density from the visabsorption spectrum via Eq. (17) as shown by Reinstein et al., 37 OD X ¼ À log
where I light ðkÞ is the intensity of the light source at a particular wavelength k incident on the film, AðkÞ and A X ðkÞ are the absorbance of the film and the absorbance of the filter of color channel X, respectively. Consider for example, the red channel of an RGB sensor which is typically sensitive to the region from 600 to 700 nm. Within that band, the absorbance around 635 nm is very dose sensitive for dose levels between 0 and 10 Gy, while for instance, over 680 nm there is not much change in absorbance in that same dose range. The broad wavelength range to which the color channel is sensitive to, therefore leads to a degradation of the dose sensitivity. This effect was previously pointed out by Reinstein et al. 37 They also concluded that the maximum dose sensitivity can be obtained when the absorbance is measured with light wavelengths centered at the major absorption peaks, such as at 635 nm for EBT3 films. In UV-vis spectroscopy, light picked up by the receiving optical fiber is diffracted and reflected on an CCD detector such that each pixel of the CCD accommodates a narrow portion of the wavelength spectrum where the absorbance is uniform. The resolution of the spectrometer used in this work is 0.3 nm and is sufficient to evaluate the absorbance at the major absorption peaks to maximize the dose sensitivity.
b. The ratio A 635nm net =E blue (squares in Fig. 7 ) is constant for dose levels below 1.0 Gy, and over 1.0 Gy, the ratio slightly decreases. The deviation at dose levels over 1.0 Gy indicates that the blue phase concentration increases faster than the net absorbance at 635 nm and implies that the molar attenuation coefficient A p in the Beer-Lambert law [Eq. (6)], which governs the shape of the spectrum, changes with dose. To identify the specific changes in A p , the parameters in the deconvolution model that was used to fit the visabsorption spectra at different dose levels are analyzed. 22 In Fig. 8 , the absorption peak corresponding to the electronic transition of the blue phase with amplitude E blue is shown. It is observed that the individual absorption peaks rise and also broaden with increasing dose. The broadening can result from the increased heterogeneity of the films, as the ratio of the polymer concentration to the monomer concentration increases.
A second contribution to the dose dependence of the molar attenuation coefficient A p is the broadening of the polymer conjugation length distribution, as seen in Fig. 9 and also Fig. 8 in Callens et al. 22 As a result of both broadening processes, the polymer concentration (proportional to E p ) increases slightly faster with dose than the net absorbance at 635 nm as the absorption by the polymers systematically contributes less to the height at the center of the absorption peak. Note that the deconvolution model does not take into account light scattering by the PDA polymers. Hence, scattering effects may also contribute to the dose dependence of the attenuation coefficient.
c. The ratio OD R =E blue (circles in Fig. 7 ) decreases for dose levels examined in this study. The higher sensitivity of E blue compared to OD R is a combination of the two sources discussed for the two previous ratios. First, like for the ratio OD R =A 635nm net , the decreasing trend results from broad range of wavelengths the red channel is sensitive to. Second, like for the ratio A (from a vis-absorption spectrum) is marked with diamonds. The ratio of the OD R to the electronic transition amplitude E blue of the blue phase, which is proportional to the concentration of the blue phase polymer, is marked with circles. And the ratio of A 635nm net to E blue (squares).
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The different dose dependence of the polymer concentration, the absorbance, and the optical density reveals the complexity of the system. Modeling the absorbance, starting from a particular composition of blue and red phase polymers in the dose range from 0 to 10 Gy, requires extensive understanding of: (a) the polymer formation as a function of dose c p ðDÞ, and (b) the attenuation coefficient A(k;D) as a function of the film composition/structure. Revealing the pathway from the polymer content to the optical density values is crucial in modeling the dose dependence of the optical density based on the physico-chemical properties of the film. The deconvolution of the vis-absorption spectrum is therefore an important tool as it provides a relation between the polymer concentration, which can be modeled using the modified single-hit model as illustrated in this work; and the net absorbance of the films. The absorbance spectrum can be translated into the optical density values using the method described by Reinstein et al. 37 Elucidating every step of the pathway from polymer content to optical density can provide a basis for future functional forms of the calibration curve with increased accuracy and precision, not only for dose levels typically used in clinical practice but also for a wide range of dose levels.
CONCLUSIONS
An evaluation of the absorption properties of EBT3 films in the range of 220-750 nm using UV-vis spectroscopy was performed for dose levels up to 50 Gy. Over 10 Gy, the absorbance around 635 nm saturates due to the small amount of light transmitted through the film and the limited sensitivity of the spectrometer. This artificial saturation behavior impedes the quantification of the actual absorption of the polymers in the film at these elevated dose levels. For dose levels between 0 and 10 Gy, the vis-absorption spectrum is successfully reproduced in the region from 450 to 750 nm by means of a theoretical model of the absorption by conjugated polymers. By fitting the model to experimental spectra, a measure of the concentration of the polymers in the film is obtained. As expected, the concentration of the blue and the red phase polymers increases with dose. The dose dependence of the polymer concentration is described by a modified version of the gamma-distributed single-hit model. In this work, the size distribution of the active centers is deduced from the size distribution of the stick-like monomer microcrystals, instead of the polymer cluster size. The model successfully describes polymer concentration for doses between 0 and 10 Gy, especially the blue phase polymer, and provides an interpretation for the size-distributed single-hit model. The dose dependence of the polymer concentration is found to differ from that of absorbance at a fixed wavelength, or that of the OD of the red channel of a flatbed scan. The variation in the dose responses points out the complexity of the system, and is found to be due to differences in the response of an RGB sensor and a UV-vis spectrometer, and to a change in the molar attenuation coefficient which, based on the absorption model, largely results from the increased heterogeneity of the film.
